THE A S S O C IA T IO N OF T H E R O Y A L SO C IE T Y W IT H TH E IR O N A N D STEEL IN D U ST R Y .
T T is of very great interest to study the association of the Royal Society I with one of the major industries of the country, particularly when the industry is a very old one, and if it is possible to determine when and how experimental science was gradually brought into play.
Iron was manufactured four or five thousand years ago, and the hardening of steel practised three to four thousand years ago. Towards the end of the eighteenth century the output of iron and steel in this country was only twenty to twenty-'five thousand tons, but this had increased to a million tons by 1835, to three million tons by 1854, and to over ten million tons by 1906, and to/day the mechanical side of twentietlvcentury civilization is maintained by means of a world output of approximately one hundred million tons of iron and steel.
Fresh from a recent trip in a modern warship, from an inspection of one of our latest Atlantic liners, from a visit to a modern power station with 50,000 k.w. generating sets, and from a visit to one of the world's largest chemical plants, the writer naturally turned with great interest to a volume just published dealing with Science since 1500.1 This excellent work purported to be a history of mathematics, physics, chemistry and biology. As the first three mentioned branches of science were all fundamental to the developments just indicated it was natural to turn to the index of this book to scan its contents. Amazing to relate, the words ' iron, ' ' steel,' ' aluminium,' ' copper,' or ' gold ' were not to be found, neither was there the word ' passivity.' It is true to say that on subsequent reading it was found on page 101 that the * great primary advances in the metallurgy of iron and steel were inventions not discoveries.' This curious statement and its implications led the writer to an analysis of the expression. O n reference to Dr Johnson's Dictionary, * science ' is defined as knowledge, * discovery ' as the art of finding something hidden, and ' invention ' as the produce tion of something not made before. Are we to regard science as merely the extension of natural history studies, or must we not include the amazing development derived by experiment or deduction from increasing knowledge of natural law ? Merely to exclude from the scientific structure the products of invention, as now defined, is surely too arbitrary. The Society took a very catholic view from the commencement of its activities, and indeed made no distinction in the broad sense between knowledge derived from discovery or resulting from invention.
In carrying out the pleasant task of considering ' The Association of the Royal Society with the Iron and Steel Industry ' the writer first of all prepared a schedule of the papers and notes presented to the Society. Some survey has been made of the papers and of many communications readily available for inspection. There still remain an unknown quantity, both as regards quality and subject, of docu*-ments which have not hitherto been examined and scheduled by the Society. The writer has had access to such documents as have been already scheduled and bound, and these include all papers published by the Society, including the Philosophical Transactions published prior to 1752. He then prepared a full list of contributors.
In an attempt to appreciate and evaluate papers written on a particular subject over a period of two to three hundred years, it is very difficult and yet necessary to project one's mind into the atmo^ sphere of limited knowledge and opportunity in which the particular investigator had to carry on. Even less than a hundred years ago a physicist interested in, say, the physical constants of iron or steel, simply purchased material regarded at the time as typical; chemical analysis was undeveloped, micro^examination not worked out, physical tests largely empirical and lacking the critical facilities of to-day. Never** theless, early experiment produced invaluable knowledge, and indicated from period to period the preparation and study of purer and purer materials by new and steadily improving methods.
Many of the new industries have been derived from research and commenced activity on a fairly complete scientific foundation. Many of the industries, and the Iron and Steel Industry is one of them, ante-date the introduction of the experimental research methods; the processes were originally worked out under practical conditions, by empirical methods, working upon raw materials of rather indeter^ minate composition. Ironstone with an addition of limestone was reduced by charcoal or coke in huge vertical furnaces which became larger down the centuries. The first attention which the enquiring mind could give to our industry was to make a ' natural history * study of its different aspects, and the early Proceedings of the Society contain accounts of several such studies.
As regards the papers presented, including those likely to bear on the subject, some twelve papers were found during the first fifty years of the Society, i.e. up to 1715, and in the next hundred years, taking us to 1815, there were eighteen papers. It was then found that within the next fifty years, up to 1865, there were nineteen papers, but in the period which has elapsed since 1865 until to-day there are two hundred and forty papers. Indeed, for the last ten years there has each year been an average of ten papers of interest to those pursuing the scientific side of ferrous metallurgy.
Another very interesting aspect of matters was brought to light when the writer wrote down the names of the men who had perhaps contributed most to the advancement of ferrous metallurgy, dealing only with the men who have passed away, i.e. Huntsman, Percy, Thomas and Gilchrist, Bessemer, Heroult, Siemens, Sorby and Stead. Now, curiously, not one of these men described his major work in a paper to the Royal Society, but nevertheless the Society very definitely recognized the scientific merit of their contributions to the science of their industry. Huntsman worked out his crucible process about 1740, the process depending upon the effective handling of temperatures between 1600 and 1700° C ., involving the critical selection of refractory materials, and a knowledge of the effect of such temperatures on the properties of liquid steel. He only lived some six years after the successful solution of his major problem, and 'having pursued his investigation in a scientific rather than a commercial spirit he did not realize wealth from his discovery. His Quaker principles rendered him unbending and self-complacent: he rejected the offer of enrolment as a Fellow of the Royal Society.' 1 Percy, who focused and interpreted knowledge extant, and carried out many valuable experiments, became a Fellow in 1847. Bessemer, who devised the daring pneumatic process of blowing air through molten pig iron, and thus released a huge tonnage of steel, became a Fellow in 1879. O f Thomas and Gilchrist, who devised the method of de-phosphorizing iron, Thomas died very early when he was thirtyfive, but Gilchrist became a Fellow in 1891. Siemens, who devised the major modern steel producing process, became a Fellow in 1862. Sorby, who laid the effective foundation of the microscopy of metals, which has proved invaluable in studying the constitution of ferrous products, became a Fellow in 1857. Heroult, who perhaps contributed more than any one to the science of electric steel manufacture, worked in France, but Stead, who threw so much light on the many current problems, became a Fellow in 1903.
Whilst, therefore, the archives of the Society contain no record of the great contributions made by these men through their influence on this major industry, yet clearly their work was fully recognized by the Society. The explanation lies, not in the fact that these men did not take part in the advancement of natural knowledge as understood by the Society, but that their achievements were of a creative character peculiarly valuable in specialized regions of knowledge, which for the last century have so well been taken care of by other Institu tions and Societies created for the purpose of more intimate contact through the larger number of men associated with such special fields.
The great achievement of the Society in focusing national attention on the latent possibilities in extending natural knowledge by experiment and by collective discussion had a profound influence on the intellectual activities of the country. As time passed a sequence of Scientific Societies and Institutes came into existence, with the idea of making possible more complete discussion in the specialized fields than was possible in our all-embracing Society.
Without giving a complete list of such societies, it is desirable to survey the more important which have a direct interest to our Iron and Steel Industry : From the foregoing schedule of the dates of foundation of the various scientific and technical institutions it is possible to divide the organizations into three groups. There is group ( ) covering the period 1660 to 1831, which might be described as the aristocratic period of science, i.e. the period when the pursuit of knowledge was more or less a diversion or hobby on the part of the more intelligent members of society. Curiously, it is this same period which covers the advent and development of the Industrial Revolution. From 1818 to the end of the nineteenth century, category (b), it is noticeable that the value of science is already much appreciated, and that it has been found necessary to develop other institutions to deal with the sectional phases of natural knowledge. W hen we study the institutions and societies formed under category (c), i.e. with the turn of the twentieth century, we find the institutions becoming more specially alive to different ' trades/ it having become clearly apparent that organizations are necessary for focusing the various aspects of science in specific directions of application. Further, it becomes clear that in the first place associations of individuals were found necessary and congenial for the discussion and for the advancement of learning, that it was then found necessary to multiply such organizations to take care of specific aspects of learning, and latterly to multiply still further such bodies with a view to the special needs of individual industries.
The iron and steel industry is in debt to all of the foregoing Societies and Institutions from one angle or another, either because the society makes it its function to extend general knowledge, some of which is particularly necessary as part of the general background of the iron and steel technologists; or it deals specifically with problems occurring as regards the manufacture; or as regards the properties of iron and steel it deals with the applications in which the properties and indeed the manner of manufacture enter; or it is concerned with the raw materials used in the actual production, and in the production of the necessary plant in which the processes can be operated.
As regards our industry, the Iron and Steel Institute, in relation to the general technologist, is the most intimate. Advances in scientific research and technology of direct interest to the industry will be found recorded in its Proceedings, together, generally, with interesting and critical comments.
Turning now to the papers which have been presented to the Society, it is of value to scan those of interest from the standpoint of Iron and Steel Metallurgy from the beginning of the Society up to the year 1840, which consist of some thirty/" five papers or communications in all. It is found that fourteen of these were essentially ' natural history ' studies of industrial processes and aspects, whilst twenty^one might, by generously using the terms, be considered scientific and technical. Examples may be usefully cited, but it will be left to the reader to place the papers in the two categories.
It is interesting to learn in these days that the first communication dealing with a metallurgical matter was one communicated by Prince Rupert (1666), dealing with the melting and preparation of lead for the production of shot. The next document which appeared, from the chronological order of the papers, to belong to 1675, gives an indication of the desire of the members to learn of the effect of alloying gold, silver, copper, tin, iron and brass in different proportions; although the archives carry the matter no further than the indication of a desire for knowledge in this direction.
As typical of the Society's interest in what was going on in the industries of the country, the account of ironworks in the Forest of Dean by Henry Powle, Phil. Trans., vol. xii, 1677^78, should be mentioned. It is indicated that the ground of the Forest of Dean is naturally inclined to wood ' especially Hasle and Oak, of which last sort it hath produced formerly most stately tim ber; though now almost entirely devoured by the increase of the Iron Works. W ithin the Forest of Dean they find plenty of coal and iron ore.' The blast furnaces in operation are described as being about 24 ft. square on the outside, and near 30 ft. in height, and then follows an interesting account, from which the metallurgical procedure can well be judged, of the crude pig iron from the blast furnace being transferred to the forge furnaces for refining into wrought iron. The account whilst short gives a good picture.
In Phil. Trans, for 1685 is found an account of experiments at Woolwich, 18 March 1651, for trying the Force of Great Guns. The author was Mr Greaves, and it is of interest that in this year of Grace, experimental work for the Services is still being conducted, and that the Director of the Metallurgical Section of the Research Department, Woolwich, is the writer's friend D r Greaves. For the experiments described the butts were constructed of oak and elm, and presumably simulated the sides of the frigates of those days. The third experiment, for instance, consisted of firing iron ' bullets * 18 lbs each in weight, with powder charges of io, 9 and 8 lbs respect tively, from a brass culverin 11 ft. 1 in. long, and which weighed 5,300 lbs. This culverin was intended for a chace piece for the frigate ' Speaker.' Various * guns ' were tested out with various charges of explosives and different weights of shot. Clearly the armament of Blake's frigates had an experimental basis.
Letters from Mr John Sturdie of Lancashire were communicated by D r Martin Lister, Phil. Trans., 1691^93, vol. xvii, describing, in rather a similar manner to the account of Henry Powle, the procedure of iron manufacture in Lancashire. This communication would appear to the writer as having been presented to satisfy the curiosity of the Fellows as to how iron was manufactured from its ores.
In Phil.Trans, for 1693 the writer's attention was given to a paper on ' The Manner of Making and Tempering Steel with a conjection at the Method the Ancients used to Steel their Picks, for cutting Porphyry * by D r Martin Lister, at that time Secretary of the Society. One of the earliest aspirations of the Society was that of retrieving the art of hardening and tempering steel for cutting porphyry, etc. A s a matter of fact it is unlikely that the Egyptian obelisks were ever carved with hardened and tempered steel, at any rate such a technique has not been even now ' retrieved.' Lister is familiar with relevant observations by Aristotle, Pliny, and Agricola, and references an account of contemporary metallurgical practice in Elba to their declarations. Through a mirror obscured by a nontechnical description in sevens teentlvcentury English, one is able reasonably to deduce a decar' burization of cast iron into steel, along with the existence of definite knowledge of the actual hardening of steel by quenching it in water from a high temperature.
There is a very interesting document, dated A pril 1711, the text of which is difficult to decipher, and is much blotted, associated with the name of Dr Sloane, although he is not the author, which appears to be the first record of specific gravity determinations. The agreement is remarkable and where the results differ the variation is obviously due to composition. The experiment made before the Royal Society by Mr John Theophilus Desaguiliers, 17 April 1714, is described, in which effort was made to determine the facility with which antimony, lead, tin and other metals could be melted by being placed on a piece of iron which had been kept in a charcoal fire until it had acquired a degree of heat equal to that of the fire.
A n interesting document exists, being an abstract from the Memoirs of the Academy of Science for the year 1725 made by Dr W ill Rutty, Secretary of the Royal Society, describing the method of producing tin plates, i.e. sheets of iron coated with tin. A n interesting paper by Josiah Wedgewood will be found, read 9 May 1782, describing ' A n Attempt to make a Thermometer for Measuring the Higher Degrees of Heat from a red heat up to the strongest that vessel made of clay can support. ' O f importance, owing to the character of the communication, is a letter from Dr Thomas Beddoes to Sir Joseph Banks, read 4 March 1791, dealing with ' A n Account of some appearances attending the Conversion of Cast into Malleable Iron.' The letter opens out-' You are undoubtedly well apprized of an alteration lately introduced into our manufacturies of iron, in consequence of which the reverbatory has been substituted in the place of the finery furnace. The new process is capable of being indefinitely varied. I have lately been favoured with an opportunity of observing one of these variations with every advantage I could desire. As in this method the changes undergone by the metal during the first series of operations lie perfectly open to inspection, a short description of them may not perhaps be unworthy of the notice of philosophical chemists. Allow me to premise further, that I did not content myself with a single examination, and for the sake of greater accuracy, I took minutes of the phenomena, and of the time when they occurred. A very intelligent workman was at the same time directed to answer all my questions, so that I enjoyed the benefit of his experience also.' Here is an instance of the Society clearly taking a great interest in a recent technical development in a major industry, and the last paragraph of D r Beddoes' letter is extremely intriguing, it reads as follows: * I leave it to the adherents of phlogiston to accommodate these phenol mena to their doctrine, considering it, for my own part as superfluous to bestow any further attention upon a system which, after a long discussion, has been fully refuted in all its modifications, and which indeed seems on the eve of being universally abandoned.'
Communications concerning the Indian process, i.e. the Wootz process, were read n June 1795 and 14 February 1805, this being an instance where the Society displayed great interest in a very old process used for making iron and steel, long established in India.
In the Phil. Trans., vol. cxii, will be found a paper read on the 21 March 1822 by J. Stodart and Michael Faraday. This paper is ' O n the Alloys of Steel.' It has been dealt with very fully elsewhere by my friend Sir Robert Hadfield, the original samples of these two investigators having been examined in the light of modern facilities. The fact is, however, that the authors were guided by the basic idea that if you alloyed other metals with iron you might materially and advantageously improve the properties; 1822 was a little too early in the development of general experimental technique and learning concerning metallurgy to permit the authors really to achieve much.
Space does not permit further discussion of the papers over this period, but sufficient has probably been said to indicate the interest which Fellows clearly took in learning all they could concerning at least one of our great industries.
During the last hundred years, some two hundred and fifty papers were given to the Society which could be regarded as being directly or indirectly of interest to those interested in the science or technology of Iron and Steel. What were those papers concerned with ? It will be appreciated how difficult it is to place many of the papers in some particular category; but making a broad and generous use of a simple classification, the results obtained are notable. Over ninety of the papers dealt with the magnetic or electrical properties. Just over twenty dealt with other physical properties. Between forty and fifty papers were concerned directly or indirectly with the strength, i.e. the usefulness for structural or mechanical purposes. Some thirty papers have dealt with the structure and of late with atomic structure of metals. Corrosion, the writer was glad to see, had a fair share of attention with nearly twenty papers. The employment and usefulness of the spectroscope led to fourteen papers. Other categories, defined as metallurgical and metallographic, effect of heat treatment, pyrometry, gases in metals, diffusion, surfusion, other metals, friction, etc. only produced altogether another twenty dive to thirty papers. The papers, generally, have resulted from the meticulous study of a small field of enquiry under laboratory conditions. Contributions of great importance have been made and some will be referred to later, but this may be the moment to deplore the fact that such papers presented to the Society frequently do not receive the wide circulation in those directions where such data can frequently be of immediate service. The Society might encourage the republication of certain specialized papers before Institutions and Societies interested in the particular author s special field. To the writer's mind, an excellent example is the recent researches by Dr Bowden of Cambridge, which illuminated in a remarkable manner by simple experiment the mechanism of friction and seizing of metallic surfaces. There is, too, another argument in favour of a wider circulation of many of the papers. Through the very constitution of its personnel, the Society in practice, offers only limited discussion and criticism, and this in itself is a disability. These remarks are in no sense critical but simply made with a view to airing one aspect of matters which it has been sought to remedy, for instance, by the arrangements of general discussions.
O n 4 May 1848-Proceedings of the Royal
, vol. v-a paper of peculiar interest to the writer was presented by Mr William John Hay, communicated by Admiral Beaufort, F.R.S., ' O n the Protection of Iron from Oxidation and from becoming foul when it is exposed to the action of sea and other waters.' We have to-day a National Corrosion Committee, strongly representing the producing and using interests, and with all the resources which trained minds and money can provide, but the reading of this particular communication of Mr Hay's clearly shows the soundness of his work, the practical nature of his experiments and the soundness of his deductions. He devised a varnish consisting of one part of pitch and two parts of naphtha, together with 10 lbs. of the sub/-and peroxides of copper to each quart of varnish. He explains how he found that this coat of varnish not only protected the iron from oxidation, but formed a perfect barrier to electro/chemical action. The trials were made on various ships and are claimed to have been successful.
As indicative of the papers of the period, the one by Professor Eaton Hodgkinson, F.R.S.-Royal Society , vol. viiireceived 20 November 1856, dealing with the * Experimental Researches on the Strength of Pillars of Cast Iron,' is of great value, not only in showing the point of view, but in indicating a very practical application. A s the author says, the formulae for the calculation of stress arrived at in this paper were on the supposition that the iron of which the pillars were composed was uniform throughout the whole section in every part, whereas experiment shows that this was not the case. He therefore proceeds to cast pillars from iron made in different parts of the country, and whilst he showed that there might be a variation in intrinsic strength of 25 to 30 per cent, from one iron to another, he also showed that a given pillar might, when critically examined in its different parts, prove to possess an equally great variation.
Such papers disclose the type of facts which it was necessary should be known before the art or science of reproducibility could become possible, and, of course, the later stage had to await the development of the more critical methods of the examination of metals.
In a paper given by F. Crace^Calvert, Esq., F.R.S., and G. Cliff Lowe, Esq.-Royal Society P r o c e e d i n g s, vol. x-received 1 D i 8$9> we have the means of comparing physical measurements made eighty years ago with the results obtained to/day. The paper is ' O n the expansion of Metals and Alloys.' The authors were already in/ trigued with the idea with which we are still concerned of obtaining metals in the increasingly pure condition. They quite clearly had been to a lot of trouble, although a critical chemical analysis of the metals studied was not possible at the period. In the following table for comparison will be found given the coefficients of linear expansion from o to ioo° C. as deduced by the authors, together with the data extant in 1940:
Expansion per inch length from o to ioo° C. Generally, the agreement is very good and there appears to be no doubt of the accuracy of the earlier determinations. Where marked discrepancies exist this must be either due to the state of the purity of the samples (as in the case of platinum and aluminium) or to other factors concerning the condition of the material where this affects the coefficient of expansion. Clearly, the second half of the nineteenth century was opening before that very fundamental property, the coefficient of expansion, was properly tackled, and obviously such early work laid the foundation of the exact quantitative technique which became imperative in engineering practice.
In the Proceedings, 18 May 1865, will be found a remarkable paper by Lord Kelvin ' O n the Elasticity and Viscosity of Metals.' The investigation was carried out on wires oscillating under torsional stresses. Lord Kelvin describes how the students of the University of Glasgow had continuously made observations on the elasticity of metals during many years, and how recently these observations had brought to light unexpected properties in metallic wires. This paper contributes much to our early knowledge of the behaviour of metal under such conditibns.
A paper which was truly epoch-making as regards our under standing of the mechanism of plastic deformation in metals was presented on the 16 March 1899 by Sir James A . Ewing and Dr Walter Rosenhain. For the first time they disclosed in a very pretty manner the fact that metal preferentially moves along gliding planes. They noted the formation of one, two or three sets of slip bands, according to the amount of strain applied, and came quite rightly to the conclusion that flow or non-elastic deformation in metals is due to slip. This paper is beautifully illustrated by micrographs, which at the time the paper was given were indeed an achievement.
A valuable contribution to our knowledge of the strength of steels as affected by temperature is to be found in the Proceedings, vol. lxxiv, 1904, in a paper by Sir James Dewar and Sir Robert Hadfield, ' The effect of liquid air Temperatures on the Mechanical and other properties of Iron and its alloys.'
In the Proceedings, vol. lxxix, 1907, and vol. lxxxix, 1913 , we find Sir George Beilby presenting some of the results of a quite unique series of researches, the outcome of which was the postulation by Beilby of his interesting surmise, that the properties of the work-hardened condition of metals were due to the production of an amorphous phase. This suggestion led to much profitable discussion over many years.
To any one interested in the scientific aspects of Iron and Steel Metallurgy, it is obvious that of all other knowledge of a fundamental character, information concerning the intrinsic properties of pure Iron comes first. By means of advanced technique Iron was produced by Adcock and Bristow at the National Physical Laboratory of a purity previously unknown. In the Society's , December 193 5, will be found a very full account of this work. The ductility and malleability of this pure material was amazingly high. These researches achieved a comparison of the physical properties with less pure and commercial types which had long been desired.
W hat is the ultimate explanation of the properties of metals ? How can we predetermine the effects as regards modification in properties to be brought about by alloying different proportions of metals with one another ? W hat is the explanation of the facility for plastic deformation which is the outstanding characteristic of most metals and their alloys ? Indeed, why when steel is quenched in water from a critical temperature does it become so intensely hard ? Exactly how do added elements produce in Iron the facility of developing a passive film which successively prevents corrosion ? W hat is the ultimate explanation of the influence of modified composition and treatment in so profoundly affecting the magnetic and electrical properties of Iron and its alloys ? These are just a few of the major problems still before us, and in papers given to the Society during the last two or three decades it can be seen how the results of the work of many invests gators are gradually converging to throw general light on this big range of questions. O ur greater understanding of the structure of the atom and of atomic forces, our knowledge of the atomic structure of metallic crystals, and the increasing success with which the nature of plastic deformation is being explored, promise perhaps in the not too distant future, theoretical generalizations which will be of great value to investigators. Space does not permit treatment of the contributions of the Braggs, Bradley, Mott, G. I. Taylor, Carpenter, Gough, Andrade, Fowler and so many others who are building up this background of knowledge which will be of such value to those engaged in Ferrous Metallurgy.
Looked at from the standpoint of the Iron and Steel Metallurgy, it is apparent that the character of the papers progresses rightly towards fundamentals, and the Society is leaving to the various ancillary institutions the work of placing such fundamental work in proper relation to immediate practical problems.
It is a difficult task to deal with such a considerable subject in such a short space, but the writer trusts that he leaves the impression of the Society's successful effort in the past of awakening general scientific interest in one of our major industries, and then in later years becoming more and more the focussing ground as regards fundamental work designed to elucidate the ultimate nature and properties of that vast range of Ferrous Alloys of diverse properties which now constitute such an essential basis of modern Engineering Technology.
The writer would conclude by thanking Mr H . W . Robinson, librarian to the Royal Society, and his own librarian, Miss A . K. Osborne and her assistant, Miss J. P. Matthews, for the valuable assistance rendered in the course of this enquiry.
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